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ATTAINING A STEADY AIR STREAM IN WIND TUNNELS* 
By L. Prandtl 



Many experimental arrangements of varying kind, in- 
volve the problem of insuring a large, steady air stream 
both as to volume and to time. For this reason a sepa- 
rate discission of the methods "by which this is achieved 
should prove of particular interest. 



I. UNIFORMITY WITH RESPECT TO TIis3 



In but few cases will it be possible to draw air from 
a weighted gas tank or from a large pressure tank, or to 
exhaust air from the atmosphere by means of a previously 
evacuated tank. In this connection it may be noted that 
the last-mentioned arrangement insures an especially propi- 
tious uniformity with respect to time, because the inflow 
remains unchanged so long as the velocity of sound is not 
exceeded behind the narrowest point of the wind tunnel, 
notwithstanding the gradual pressure rise in the vacuum 
tank (reference 1). In suitable cases the air stream is 
maintained by a piston blower, compressor, or vacuum pump. 
Because of the unsymmotrical air delivery of such machines, 
a larger tank will have to be mounted between the machine 
and the working section. But in the majority of cases a 
fan will be used. The fan is fitted either in front of 
or behind the working chamber, so far as the air is not 
made to circulate from tho pressure toward the suction 
side of the fan. Then the fan aspires from free air it 
must be borne in mind that the air leaving through the 
other end, sets the air within the test chamber into rath- 
er irregularly eddying motion, and that the fan draws 
these eddies in again, whereby its rotational velocity is 
augmented, according to Eelaholtz's vortex theory. A re- 
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volving fan generally produces a lower pressure gradient 
when the'..ou-7-coming air itself revolves in the -same direc- 
tion as the fan, and a higher pressure gradient when re- 
volving in the opposite direction. 

... 4 * ( 

To improve the tine uniformity, it is therefore neces- 
sary to void such rotation prior to entry in the fan by 
some guide mechanism, such as a straightener or honoycomb. 
(See section II.) It is also recommended to lead the out- 
flowing air through a screen, cellular plates, or lattice 
trunk, which insures a much steadier motion within the ex- 
periment chamber. With the fan mounted behind the work- 
ing chamber the inflow is as a rule, steadier to begin 
with. In certain cases, however, a honeycomb for the air 
stream directly before the fan is also recommended. As 
concerns the types of fans, it is chiefly a matter of hel- 
ical fans because of the small space required cad their 
high efficiency. The types for low pressure gradients are 
not much unlike the orthodox airplane propellers. High 
pressures require propellers, with numerous cambered blades 
and a guiding device for voiding slipstream rotation. 
This applies in particular to propellers mounted before 
the working chamber, fith such propellers it is, above 
all ( necessary to guard against undue flow resistance in 
the tunnel for the employed type. A drop in the rate of 
flow below a certain point due to increasing resistance, 
is followed by separation of flow from the propeller 
blades and irregular running of the propeller. 

Centrifugal blowers are chiefly used with high re- 
sistance of the tunnel and to produce high speeds. 3ut 
they require a large space coupared to. the helical fans. 
In most centrifugal fans the outgoing air leaves through 
a volute casing enclosing the blade. The enlargement of 
the volute casing fits only one particular rate of flow. 
This rate of flow can be usually recognised by the fact 
that the humming noise of the propeller is then at its min- 
imum* The efficiency becomes less with the greater volumes 
of flow whereas the air delivery is uniform. But with 
smaller, flow volumes it readily becomes profoundly irreg- 
ular, because the rotating air first , fills the. volute, cas- 
ing and' that part of it which cannot flow off on account 
of the undue high resistance, 1b then pushed oack through 
the blades toward the suction side. As the wheel sets 
this part of the air in rotation, eddies are formed in the 
suction stream which, under certain circumstances, con- 
tinue to grow and are then sucked away again from the 
wheel, thus producing an abnormal pulsating motion. Many 
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• "fans 'in Which th e section of the passage does not correct- 
■ ■'■'•If conf era with the enlargement of the volute casing, man- 
ifest such pressure pulsation within a considerable range 
of op^ati^g conditional, ; This can- do quite often r.ome— 

- died "by cldsing the exit, -sect ion of the wheel- for a cer- 
tain fraction, say, , "by fitting a strip of netal, or oil- 
cloth or such, which, of cpurse, must he guarded against 
being blown off. 

Kb8t ele.ctricJmotpra.-ure subject- to* spe-ed variations 

• due to; fluet-aa'$ ions in voltage or frequency of the power 
'Bucply; aVide'. from that, the speed of - d ; « ci : motors especial- 
ly, gradually changes as. the motor narm« up. Therafore, 

"it is necessary . to provide in s one .way for constant sp^ed 
of the-motor, or /better yet, of the wind velocity, ruscec- 
tivjir; lht, dynamic pressure. Tho latter is especially 

Wiivdtmled. tor air-resistance fcxper iri^nta* (See section 
T. )• Ajy pressure difference existing tn the tunnel wh^ch 
is proportional to tie dynamic pressure, can he >ept con- 
stant therehy. This cay "oe achieved "by micromancmetfcr , 
manual r egu Lit ion -of the -- BlecSrij motor, or with an auto- 
matic regulator, which holds this pressure difference 
constant. This latter ^.ethed has proved very satisfacto- 
ry in the Gottingon laboratory, where it has teen in use 
for' twenty years*. Tub essential part of the regulator i3 
a pressur.6 . scale which can-ba- loaded with weights until 
it balances under a certain pressure* Any deviation from 

■-tfhis pros sure closes an electric contact which actuates a 
small booster' motor. Tho latter in turn adjusts a rosist- 
anco and through it, changes the spoed of the motor. Pro- 
vision must be made for 'creaking the contact before the 
new equilibrium attitude is reached, in order to prevent 
permanent regulator oscillations. This can he effected 
in various ways as hnown from other regulator typos. In 
one method the contacts .ore slowly pulled to the side con- 
currently with the regulation sta^e and reaumo their orig- 
inal' setting after regulation by moans of an oil damper. 
Tie- scale itoolf must also bo oquippod with'au oil damper 
to guard against oscillations dre to shochv Descriptions 
of "such regulators can bo found in Z. V.D.I. 19C9, p. 17J5 
(regulator of the Gottingon wind tunnel), elso in R. Zron- 
er's report : Experiments in Snlargod Tunnels , " Jorschungs 
heft io.- 222 deo Voroino3 Sev.tschor Inso'.ieuro. 1920, page 
22 (s:iall special wind tnnr.el) ; fv.rti;er ,in -Irc'ebriir. sen 
dor Aerodynaisischon Ver auchs» .atalt su C5--.tt in^cn, ho. 1. 
1921, p--ge 20 (largo Gbtti/.^ou wind tu^ael) . 
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Quite recently there haa appeared still another kind 
jaf regulator which, at the suggestion of .Dr. M. Schilhansl , 
was constructed in a D.V.L. wind tunnel at Jleirlin-Adlershof 
(reference. 2) # This regulator can be used' when there is a 
room containing positive pressure, before. .the working cham- 
ber. Suitable waives controlled by a regulator permit lat- 
eral escape of part of the air, whereby the speed of the 
main air stream is more or less reduced, according to the 
size of the lateral openings. 

0. Schrenk (reference 3) demonstrated that the air 
stream itself could he utilized to regulate the openings. 
The weighted ya^ve in figure 1 opens a little wider when 
the fan r.p.m t shows a slight increase. Then the voluue 
of air per second delivered by the fan increases and the 
pressure drops again, fith suitable valve design, it is 
thus possible to hold the pressure before the sain open- 
ing just constant. Admittedly, certain conditions depend- 
ing on the fan characteristics, must be borne in aind, as 
explained hereinafter. 



II. LOCAL UIJIFORHITY 



This can best be obtained when still air drawn from 
a large chamber passes through a well rounded-off mouth 
to the working portion, because each air .particle speeds 
with this arrangement through the pressure from rest (pres- 
sure p 0 ) to the lower pressure of the working chaaber Cpi) 
and while doing so, attains a speed of 

w = / 2 ( P 0 -~pT)~V • 
P 

according to Bernoulli's theorem. The pressure gradient 
Po ~ Pi being conmon to all particles, they likewise 
assume the same speed and, because of the previously ex- 
istent quiescence, no reciprocal rotation of the individ- 
ual parts of the air stream is imminent, other than inter- 
ferences next to the walls caused by the friction of the 
air stream.- However, the disturbed zone is usually of 
United extent. But the usual obstacle in practice is 



p = air density 
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that it ia impossible to consistently take away air from a 
room without corresponding replenishment, and that this 
replaced air - is usually not sufficiently quiescent "before 
it is sucked in again. Unless this replenishing is ef- 
fected with care, the chamber frequently reveals rather 
severe rotary notions of air as effect of the. outgoing air 
Jet, and the suction of air in the mouth is then followed 
by the cited Increase of this rotary motion. This can be 
guarded against up to a certain degree by straightening 
the flow. Generally speaking, a honeycomb is a guiding 
device through which the individual air filaments are ren- 
dered parallel. One .type of honeycomb consists of crossed 
sheot-metal strips, such as shown in figure 3. The inden- 
tations of one section face upstream, those of the other, 
downstream. The complete honeycomb viewed in stream di- 
rection then looks as illustrated in figure 2a. Such hon- 
eycombs can also be made of square or hexagon drawn thin 
metal tubes soldered together as in figure 2b. Even ordi- 
nary round tubes r 9 suitable. Still another type con- 
sists of built-up „craight and corrugated sheet-metal 
strip. (See fig. 2c.) Corrugated strip may also bo used 
for building a honeycomb of design 2b. The strips are 
drawn through two indented rolls (fig. 4). To insure a 
final symmetrical corrugation, the indentations of the 
rolls must be unsyrametrical. As to the fineness of divi- 
sion of tho honeycomb and the depth in stream direction, 
it may be stated that a depth equal to twice the division 
is quite acceptable, although by genoral preference, the 
depth equals four to sovon times the division. To insuro 
exact parallelism of the individual parts of the air 
stream, the honeycomb requires caroful workmanship to in- 
sure parallelism in all its components. 

A standard reference velocity is not obtained with 
the honeycomb, but can be achieved with screens. The flow 
resistance of a wire screen is approximately proportional 
to the square of the speed. Consequently, the resistance 
in a flow which locally uanifeats different speeds, is 
groater at the points of higher spesd than at the points 
of lower speed. Together with the fact that the final 
pressure drop is about the same for all stream filaments 
tho result is that the speedier filament expands upon 
striking the screen, the slower one contracts, and so tho 
speeds become comparable upon passing through the screen. 
3ut this comparableness is always obtained at the expense 
of a great nressure drou in the screen. Futting the pres- 

o w a 

sure drop in the screen at pi - pn 13 c — , where c 
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is a typical screen density factor, a previously existent, 
moderate velocity difference is approximately • lowered to 

— 1 — ft. Disposing n screens, not too closely spaced, 

1 + c - . . . 0 -a 

one "behind the other, the pressure drop is n c ^ — and 

, 

the discrepancies are reduced in the ratio of ( — - — i . 

• VI + cJ 

It is readily proved that such an arrangement of n 
screens with moderate c factors, say with c = 1, is 
more promising than one single screen of very close mesh 
and a resistance figure of c' = n c. For reasons of en- 
ergy-conservation, the screens are as far as possiblo 
mounted in a section in which the stream manifests lorrer 
speed. 

. Insofar as it pertains to local speed gradients con- 
stant in time as ascertained perhaps "by a record of the 
velocity distribution with a static pressure jsge, a wide- 
mcsh screen can also be utilired very advantageously wh$n 
the points of abnormal speed are covered with pieces of |a 
much finer mesh scruen. But instead of that a stirrup df 
wire or metal strip may be suspended on the upstream side 
of the honeycomb to contract the atrep.a section wherever 
the speed is too hi fo 'h. The result must of course be 
checked by another velocity distribution reading, and it 
must be continued until the uniformity of the velocity is 
acceptable. 

Another nethod consists of coating the points of ab- 
normal speed on the screen with color varnish, such as 
dilute spirit varnish. This renders the individual wires 
thicker and thus raises the screen reslstanco. For the 
rest, the use of any screen requires careful attention 
because accumulated dust or rust increases tae resistance 
unevenly and may readily vitiate a difficultly achieved 
uniform velocity distribution. . 

fith a honeycomb of design of figure 2, the follow- 
ing method may be applied: Mount double flaps (a3 shown 
in figure 5) at the upstream end of the honeycorb, These 
flapB can- be bent apart, thus offering a controllable re- 
sistance against tho on-coming air stream. The velocity 
distribution is aarJcedly irrogular next to the honeycomb 
but soon becomes uniform a^ain farther on. It is best to 
experiment with the flaps until t:e existent discrepancies 
in velocity distribution are oqualised. 
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Another method which requires wore space hut is un- 
commonly effective and much more economical, consists of 
giving the air stream coining, say, from a fan, a low 
speed hy gradually expanding the tunnel section and then 
producing a pressure gradient through a contraction of the 
tunnel at the working section, wherein the air particles 
are speeded up again. The conditions here are similar to 
tho aforesaid induction of quiescent air from a large 
chamber. . When the wide section is n times the section 
■behind the contraction, the mean speed in the wide sec- 
tion is the nth part of .the speed in the narrow section* 
Then the pressure drop from the large to tho small sec- 
tion is Pi - Pa 58 ( 1 ~ ~5- N conformahlo to Bernoul- 

2 v n 3 / " 

11 's equation. The energy corresponding to this pressure 
drop is quantitatively bestowed on every air particle, and 
tho f lv.ctiiations apply only to the relatively small ar- 

riving energy of L. JL* 8 . To illustrate: With a con- 

n* 2 

traction to l/5 of the section the mean energy of the on- 
coming stream is only l/25 against 24/25 imparted on the 

f articles in the pressure gradient. Fluctuations of from 
_2o percent in tho on-coming onergy then become il percent 
in tho final ener;;y; rhich corresponds to a ±| percent 
velocity variation. 

Careful avoidance of transvovse motions »sr?. slipstream 
rotation through a honeycomb is, of course, ntoossary here 
also. If an air .iass rotates about tz.e stroam direction 
as axis, its diameter, upon transition to tho nth part of 
the section which is equivalent to a diametrical roduction 

to the y~nth part, is likewise contracted to -i^ of its 

original diameter. This also holds true for the periphery 
of a closed line plotted in the plane transverse to the 
tunnel axis. During its change from the large to the small 
section the mean speed of the rotafcy motion rises v / n fold, 
according to Thomson. (See Prandtl, "Introduction to the 
Fundamental Principles of Hydrodynamics," section 9, vol. 
IV, part I, Eandbuch der Experimeutalphys ik. ) The prin- 
cipal speed in tunnel axis direction rises n fold, followed 
u;-" a slight drop of the lateral inclination of the stroam- 
lines, namely to l//n fold. Instead of the Thomson for- 
mula, it is, of course, permissible to use Iclmholts's 
formv-la, accordinj to nhich tho angular velocity of rota- 
tion changes in roportiou to th- length of the piece of 
the vortex line. 
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ffith Sectional contraction to tho nth. part ; a pioce 
cf vortex line parallel to the tunnel axis is expanded to 
n-fold length and she angular velocity then risbs n fold. 
Since at. the sane tine the radius of the vortex filaments 
i3 roducod to the ./"rich part, the peripheral Bpeed (-jr) 
has increased to % /h times; the sane result as "before. 
A rotation about' an axis athwart to stream direction giv«s 
a shorter piece of the vortex line to the N /lith part, and 
likewise a reduction of tho dimensions to the ./"nth part 
in the direction at right angles to tho tunnol axis and the 
vortex line. The result is a reduction to the nth part, 
in the velocity' gradients. Thi3 relationship for the lon- 
gitudinal velocity gradients is in perfect accord with the 
results obtained above with Bernoulli 1 s equation (since 
the speed rose to n tines and tho gradionts ' decreased 
to the -nth part, the comparative deviations are roduced 
to l/n 5 times) . 

Pron the forego ins, it n concluded that, whorover 
possible, a wide chamber cor.i ,rma'ole to figure 6 should 
be counted ahead of the working section and containing a 
carefully designed honeycoub in its entrance section. 
The transition to the experiment section should occur in 
well-rounded .f oru, although a steep sectional contraction 
of the kind indicated in the figure is acceptable. Be- 
tween this sectional contraction and the honoyconb a short 
parallel piece should, be maintained, owing to the vitiat- 
ing resistance to- flow which otherwise occurs with the 
doflection of the stroam directly behind the honeycomb. 
?or eduction from a larger room, it is advisable to employ 
a suction flare as indicated by the dashed line3 in fig- 
ure 6. . 

The complete experimental set-up should be caref-lly 
checked for velocity distribution. As concerns the mag- 
nitude of the velocity, this J.s suitably effepted with a 
static pressure gage. (See Uullor-Peters , "Speed and Vol- 
ume ileasureuents of Fluids," vol. IV, 1.) For verifying 
the direction, the use of long, light threads fastened to 
crossed wirts at different points across the working sec- 
tion i3 convenient. The distribution of tho static pres- 
sure is also very important fcr precise experi.-o-it s . 
(See Peters, "Pressure ileasurer-onts , 11 vol. IV, 1.) 



i ©UPDATA 1975 % 



X.A.C.A. Technical Memorandum No. 726 



9 



III. DESIGN 0? EXPERIMENT SECTION 



The soction in which the experiments are made, may he 
or the closed- or open-jet type. 

a) Closed- Jet Type 

The. older wind tunnels (soe Flachsbart, "History of 
Experimental Hydro- and Aerodynamics , " ch. II, section 3c) 
were irequ.ently of the closed type with parallel wells. 
With" this design of type it must he "borne in mind tLat the 
wall friction sets up a layer of retarded air growing in 
flow direction, as a result of which the soction for the 
air not affected hy friction hecome3 consistently a ma 1-1 ex. 
Thus ensues a velocity increment and a correlated pressure 
drop according to Serr.oulli's equation. In precise exper- 
iments, esprcially with solids of large volume, such as 
airship models, this pressure drop is very significant. 
Its effect is ir. the sense of seemingly increased resist- 
ance of the airship model, etc. In the British laborato- 
ries, whore most wind tunnels of this type are to he found, 
the usual procedure, first employed hy I. H. Pannell (ref- 
erence 4), is to equato the force duo to tho pressure drop 
to the volume of the tody times the pressure drop per unit 
length, in analogy to the Archimedean buoynncy. The Brit- 
ish therefore call this force "horizontal buoyancy"_and 
3Uhtract it from the measured resistance. Since the air- 
ship hody itself produces profound changes on the entire 
pressure distrihution, the pressure drop is, of courso, 
measured in the empty tunnel and assumed that the inter- 
ference duo to wall friction with and without the model 
has the same magnitude. G. I. Taylor has proved, a few 
years ago (reference 5) that, in order to rightly effect 
the pertinent correction, it is necessary to add the "ap- 
parent mass" for the accelerated motion to the air mass 
displaced hy the hody. Admittedly, this apparent mass is 
very snail Tor airship bodies. 

This shortcoming was also noticed. in the old Gottin- 
gen tunnel of 1908, incidental to re3istanco measurements 
on airship models; and we attempted to overcome this hy 
giving the tunnol a slight soctional enlargement, which 
ras so tried out that the proasuro in tho empty tunnol re- 
L-ained constant along the tunnel axis (referonco 6). 

Lr.stly, on the subject of - wind tunnols with negative 
pressure in the experiment section, it may be pointed out 
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that the air entering through leakages al90 yields a pres- 
sure drop, inasmuch as the air speed in stream direction 
n:ust increase in accord with the air flowing in through 
the leakage. The effect of this pressure drop on the mod- 
el la the- same asv that described in the foregoing. 

b) Op en- Jet Type 

To G. Sirrel treferenco 7} goes the honor of having 
first ' employed an open jet in a large wind tunnel. Drawn 
from -a' large chamber, the jet entered through a flared en- 
trance .cone into the experiment chamber (fig. 16). Such 
a jet, if suitably parallel upon exit from the entrance 
cone, passes the free space rectilinearly and is only grad 
ually dissolved - starting at the boundaries - by coales- 
. canco with the contiguous quiescent air. (See Tollmien. 
vol. IV, 1, regarding such nixing processes.) Informa- 
tion as to the serviceable part of the air jet will be 
found elsewhere in the report. The pressure in the jet 
axis is, apart from the immediate vicinity of entrance 
eone and exit-cone flare, very exactly constant, for which 
reason there is, with this type, no correction for buoyan- 
.cy.of the kl&d mentioned above. This is a great advantage 
•which together with the substantially greater accessibil- 
ity of the- experimental obje ct in the air stream continues 
to find more and more favor. Accuracy of workmanship on 
entrance cone and exit-cone flare 13 here of great impor- 
tance. With an entrance cone -tfhich next to the flare 
shows none or only a short parallel piece *-*e contraction 
inthe flare continues to act to a small extent behind 
the cone end, which explains tho existence of a slight 
pressure drop in the jet axis for a short distance outside 
of the entrance cone. This can be avoided with a very 
slightly flared exit. The amounts involved herein are u'..- 
nute and are conveniently determined on the complete en- 
trance cone itsolf or, if necessary, in a model test for 
the entrance cono used. For an experimental cone of fig- 
ure 7, which was quite satisfactory, the diameter in- 
creases by C.C1 D between a and bi 

Aft of the working chamber the jot passos convenier.tl 
to an exit— cone flare and. so to the propeller. The prob- 
lem of best exit-cone flare has not been solved entirely 
satisfactorily. In the Eiffel, as well as in tha Gottin- 
gon type, the air mass passing the exit cono flare must 
correspond with the air coming from the entranco cone. 
3ut , since tho jet has in the meantime boconc nixed with 
parts of tho surrounding air, tho air volume has become 
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greater, and this excess must in some way he removed again, 
or else this excess is ejected as a fairly strong "blast 
from the exit-cone flare (fig. 8), in which case it is ad- 
visable to protect the observer as well as the test equip- 
ment from this "blast. One possible means of amelioration 
is the fitting of a slot aft of the exit-cone flare through 
which the excess air can escape; another, is to provide 
perforations in this flare at the point where the entrained 
a.ir impinges.. In the Gottingen system the openings in 
the downstream passage, before or behind the blower, serve 
tho same purpose, while the Eiffel system provides leak- 
ages in the suction chamber. (See descriptions cf the re- 
spective tunnels in section VI.) To be sure, the conical 
air blast cannot be removed altogether. 

The proportion of the narrowest section of the oxit- 
cono flaro is also very important. If too narrow it re- 
sults in a prossuro drop which is perceptible even part 
way in tho free jot; if too wide, it is followed by a 
pressure rise. In any case, it is advisable to make tho 
narrowost diameter slightly larger than that of the en- 
trance cone. The amount, however, depends on the length 
of the free jet with respect to the eDtrance-cone diame- 
ter. According to Gottingen experiences, a minimum exit- 
cone flare diameter equal to 1.1 to 1.2 tiues the entrance- 
cone dianeter is appropriate for, a jet length equal to 1.5 
times the entrance-cone diameter. 

In this connection, we may mention the ready occur- 
rence of oscillations, where the wind tunnel acts as or- 
gan pipe when the free jet is too long with respect to 
its diameter, or when the edge of the exit-cone flare is 
too short, or else the exit-cone flare is altogether ab- 
sent. n Such pulsations can be minimized or eliminated in 
the Gottingen type of tunnel by having recourse to an im- 
proved form of exit-cone flare or else by providing suit- 
able openings in the return passage which is under nega- 
tive pressure. 3y this means the natural oscillations of 
the air in this passage can be damped down as in a leak- 
ing organ pipe. A detailed account of such pulsations. Is 
to be found in 0. Schrenk's report (reference 8). - 

The useful zone of satisfactory velocity distribu- 
tion is substantially greater in the closed type of wind 
tunnel "because of the more restricted extent of the fric- 
tional layer at the wall than with the open- jet type 
where the eddies in which the flowing air mixes with tho 
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.surrounding still, air ,. penetrate comparatively quickly 
Into the jet.. The acceptable zone is, so to speak, bound- 
-ed by a .cone whose generatrices emanate with 1:8 slope ... 
from the. edge of the entrance cone. This would mean that 
at a- distance equivalent to twice the, entrance-cone diam- 
eter there is atill a sound stream to the amount of 50 
percent of the entrance-cone dianeter. This length should 
suffice for mast practical purposes.-; Velocity distribu- 
tions of such free Jets are described in ReporJ II, Ergeb- 
-nisse der- Aerodynamischen Yersuchsanstalt zu Gottingen, 
liunchen," 1923, p. 71. 

Whereas, according to the foregoing, the free jet af- 
fords material advantages a3 far as measuring accuracy is 
concerned, aside from the enhanced accessibility of the 
measurements, it should equally be borne, in mind that it 
manifests substantially greater flow resistances compared 
to the closed-jet type of tunnel, so that more powerful, 
hence more expensive motors are necessary to insure the 
same wind velocity. . . 

c) Analysis of Telocity 

ii 

Any of the various methods given by Muller and Peters 
in vol. IY, 1, can be applied for the determination of the 
velocity of the experimental air stream, although in prac- 
tice, the following are preferred: 

1. Closed jet type: The xrind velocity is usually ob- 
tained with a.Pitot survey apparatus. des 4 ?ned so as to be ro- 
tatable in the air flow and thus provide an acceptable 
mean value of the velocity. The investigation of the 
stream processes about a solil (or its drag measurement) 
involves the problem of appropriate reference of the meas- 
ured velocity to the ideal case, according to which the 
body noves within an air mass of infinite exten.t. The 
tunnel walls cause certain deviations of the type of flow 
from that ensuing in an infinite air mass. It can. be de- 
duced from theoretical considerations* and it has also 



*V. Taloovici, 11 Discontinuous Tluid notions with Two Free 
Jets. Gottingen dissertation, 1913. In this thesis the 
potential flow is computed with Zelmholtz's surfaces of 
discontinuity, which result ^ith a plate at right angles 
to the air stream when tl3 plate is a) in a channel with 
parallel wall; b) in an oron jet. The exact drag coeffi- 
cient is _?-_ TI_ = C.3799. Cor.i."tir-o in case a) the drag 
4 + T? 

(Continued at bottom of page 13.) 
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oaea proved correct experimentally ■ (reference 9) that the 
finite tunnel dimensions involve the least error when 
choosing % th.e . spoed measured slightly -aft and -to 'the side 
of the /tjod^.-aa that, speed which' is- equated to that of the 
body In an"." infinite air -ma3s.. • She velocity in front of 
the.-'56.dy is markedly lower .and results, "hen equated to 
the speed in'tha infinite air jiass (that is, computing 
th'e*Vc.£r resistance ooeff icients . from the resistance meae- 
Urejuont8" Wlth it, fox .example.) , \n subotantialljr-greatef . 
discrepancies "because- of the finite dimension* "of the tun- 
nel. ~* '. ■ • 

I7hon, as inmost closed wind-tunnel designs,* tho air. 
is" drawn from a largo room (a hall, etc.), '.the pres'suro 
drop from tho oute'ido room up to the wind tunnel may ale* 
be used for velocity measurements; in which case, the pres- 
sure 108008 ill the generally existent honeycomb are -'de- 
fined empirically ('"07 comparing the pressure drop with tho 
rocords 01* a static prosstire gage moved asout in tho air 
stroac). To allow for the aforementioned premise ef veloc- 
ity measurement laterally' aft of the body; this can he 
closely approached by measuring tho pressure drop botrecn 
tho outer room ar-d a point at the. wall downstream from the 
experimental objoct. To be sure, this is rocommendod only 
when tho tunnel has b^-cn slightly widened in the aforemen- 
tioned manner • 30 as to compensate tho pressuro drop due 

( Continued .'from, page 12.) " 

coefficient by ueaas of the velocity laterally aft of the 
plate, gives a drag coefficient c Wl , which varies very 

little with tho E— tS * i ? Hrr ratio. On the other hand, 

tunnel width 

choosing tho volocity in front of tho plato gives a differ- 
ent drag coefficient c W2 , which is much higher and ox- 
tre^aly variable. (Sec table I.-) . ffith the- jot re havo 
drag coefficient c-^ , which again is very little varia- 
ble. (Sou tcblo II.) b. =. plate width; 3 = width of tun- 
nel, rospoct'ivel;-, the Jet'..? 



Table I 


( tunnel) 




:-Tdble II (jet) 




= C.045 ! 


0.125 


0.279 


b 

3 


= 0.035 


C.138 


■ 0-.309 


- 0.38iaj 


0.586 


0.3972 




=~qr8783~ 


0.3756 


; 0.8680 


1.373 ! 


1.934 


3.59 
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to. the growth of the frictional layer.* 

. 2. Open-jot type: Owing to the constancy of the 
pressure on the jot surface, the velocity within the un- 
disturbed jot is also constant, so that it Is immaterial 
where the velocity is measured. Of course, it should be 
remembered that a pressure field is created in the vicin- 
ity of the body introduced into the air stroam, which nat- 
urally entails speed changes. If there is no honeycomb 
in the entrance cone (honeycomb in the large section be- 
fore' the entrance cone), the pressure drop in the entrance 
cone lends itself very acceptably for the velocity deter- 
mination. If p Q is the pressure in the room surround- 
ing the free jet, p, the pressure in the anteroom of 
the entrance cone, and if w is the jet velocity and w x 
the velocity in the large section before the entrance , 
Bernoulli's aquation gives for the case of absent honey- 
comb between both sections, 

Pl - p 0 -- | W - Wx» ) 

Since, according to the continuity 

wi Pi = w 7 

where 7 = jet section and P x = large section before en- 
trance cone, the dynamic pressure of the free jet is 

p w 2 p x - p 0 

This relation has proved very accurate in check read- 
ings - so exact, in fact, that now it is conversely pre- 



*It may be pointed out that the dictum of velocity meas- 
urement laterally aft of the body is not wholly exact even 
if this rule is adhered to, because the velocity to one 
side of it is, strictly speaking, not constant because of 
the displacement effect of the body and the wake behind 
it. However, if the model is sufficiently small relative 
to the section of the air stream, the changes are so slight 
that the ensuing inaccuracies are within measuring accura- 
cy. Unduly large models involve -~et other sources of er- 
ror (nodified pressuro distribution, etc.), so that the 
experiments here are always inaccurate. 
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forred to compute tho numerical coefficients of the- static 
pressure gages by this method. If only a closed tunnel 
with honoycomb in the snallest cross section and one stat- 
ic pressure fia^e is available, the g*ge factor oust be de- 
termined in sous other fashion, probably by whirling arm 
calibration. In tho first Sottingon wind tunnel tho whirl- 
ing arm calibration waa tho basis for the determina- 
tion of tho air resistance coefficients. If a wind tun- 
nel of the closod type is equipped with a bell conforra- 
bla to ficuro 6, tho dynamic .prossuro q can be obtained 
exactly as with the free Jet from the pressure difference 
recorded at stations a and b. Kith the dynamic pressure 
determined from the pressure drop in the entrance cone 
tho roanlts are completely free of any accidental errors 
in static pressure gage calibration. 

Selative to the determination of air resistance fac- 
toro, it uay be centioned that it is very oxpedient to 
determine the dynamic pressure direct rather than tho ve- 
locity, because donaity and velocity ere U3ed in the same 
raaimor in the foruula as in the air resistance formula; 
for which reason tho eir density need not bo known at all 
to determine a resistance factor in wind-tunnel experi- 
ments, since it 'becones readily apparent with the direct 
introduction of tho dynamic pressure in the rosistance 
foruula. Admittedly, it is a different problem when, sav, 
the Reynolds 1'v.ubar ie to be defined at which the measure- 
ments wero risde. Then air pressure and temperature of 
the air stream must bo ascertained. 



IV. 7AHS FOR TOD TUITCELS 



Apart from what has been said about fans in section 
I, the following is' also of significance! Centrifugal 
fans with diffusers require disproportionately much space, 
for which roason they are not much in use for wind-tunnel 
tvorh. To "be sure, tiiey have an advantage over helical 
fans, in that their tip spoed is substantially lower than 
that of helical fans for an identical inflow velocity of 
the air, hence are less noisy. (The noise of tho fan in- 
creases materially with the tip spoed, as ehotrn elsewhere.) 
The tip spoed u - RjJ of centrifugal fans drops to 1.5 
time 8 the suction velocity w, as against 2.0 times with 
helical fans. 



11,1,1 . 
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The trend of the pressure jump or variation pa - Pi 
produced by a helical fan versus the rate of flow w with 
-constant r. p.m. , is as shown in figure 11. The right-hand 
part of the curves rising toward the left corresponds to 
the sound blade flow, the loft-hand portion to the sepa- 
rated flow at the blades. The first attitude is absolute- 
ly essential for wind-tunnel operation. The choice of fan 
also depends, to some extent, on its location. The loca- 
tion of the fan in a section of very high velocity of a 
wind tunnel with little stream resistanco results in a 
low fan load, and vice versa. To arrive at a criterion 
for the fan loading, one may compare then dosirod pressure 
difference Pa ~ Pi either with the dynamic pressure of 
the mean rate of flow P. w 3 or the dynanic pressure of 



the peripheral speed of the blade tips . 
two nondimensional factors 



u 2 



Thence the 



c- = 



Pa ~ Pi 

I - 



mm 



and 



V = 



Pa - Pi 



Up to around c 8 = 5 single-stage fans can be employed. 
Two-stage fans are acceptable up to about c g = 10. Be- 
yond these figures the flow separates at the blades, the 
efficiency drops rapidly and the cited. hum occurs. The 
obtainable ip value depends on the number, width and set- 
ting of the blades. Up to about y = 0.08, conventional 
airplane propellers may be used advantngeously . By in- 
creasing tno number of blades or the blade width up to 
\jf = 0.15 can be obtained, while a system of deflectors 
behind the impeller nahes it possible to raise if up to 
about V = 0.4. For still higher 'if it is advisable to 



*P i - pressure before the fan; p 2 = pressure behind fan. 
**This corresponds to the propeilor load factor, also de- 
noted by c a . (See ?lach3bart on propellers, ch. 1, sec- 
tions 1 and 3, vol. 17, 3.) In the regulations for per- 
formance testing of fauo and compressors, published by the 
Society of German Engineers (2d edition, Berlin, 1926), 
the reciprocal value J = l/c 8 , is used. 
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use a multistage fan with, inserted guides. The appropri- 
ate amount of clade angle , ,aeasu-ed at the outside radi- 
us, ranges "between a = 13 and a = 40°. Referring to 
figures 9 and 10, are two reliable fp.ns: one for low, the 
other for high loading. The pressures produced "by these 
two fans are graphed in figure 11. The efficiency of cor- 
rectly designed fans of this type ranges "between 0.7 and 
0.85. 

As to the fan noise, especially in high-*peed wind 
tunnels, the following may "be said: At. high rate of ac- 
tion, the individual "^lade sokes a whistling or hissing 
noise so far as it coves through a homogeneous air mass. 
This part of the noise, however, is, in most cases, not 
audible for the sound produced when tho blade whirls 
through inhomogeneous air, as a result of which there is 
a change in pressure on the wheel with every change of in- 
flow velocity which moves as sound wave. According to 
saall-scaie experiments a propeller causes very little 
noise provided the inflow is fairly uniform (reference 
10) • The introduction of a "bar into the inflow so that 
the eddies, set v.p by the bar, strike the fan, is inno- 
di.itely followed "by an audible sound whose frequency cor- 
responds with tho time sequence of the propeller blades. 
In analogy herewith tho principal part of the wind tunnel 
fan noise should "be so visualized that all inhonog'enoi- 
ties of the stream are bisected by the propeller blades 
followed by a sound inpulso at each cutting through. 
This is also tho reason why the noise of the blades pre- 
dominates most is the uproar. Haturally the resonance 
o'f those sounds plays an important role since the wind 
tunnel acts as a resonator. 

Note.- Tho principal pressure differences on a blade 
occur with adhering flow ou "both sides as a result of such 
inflow disturbances which produce a change in angle of 
attach. If v is tho speed of the "blade and w a veloc- 
ity variation athwart the blade motion, the variation of 
the angle of attack is = w/v, that is, the preasuro vari- 
ation at cno of the two sidos of the blade is approximate- 
ly 

1 d c a w c v 3 

L ~o = — — — - — ~ — = numoor p v w 
4. da v o 

Considered as plane wave this pressuro variation is equiv- 
alent to a velocity of sound of 
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u = ^-2- = number -— 
pc c 

c being the velocity of sound. The sound energy per unit 
volume is then measurod by 

p u 2 . p v 2 w 2 

— — = number 3 . 

2 c 3 

Usually another question of lav of propagation is 
bound up with that of the plane wave, which supplies a nu- 
merical factor of the order of size of blade surface to 
tunnel section, depending on the local conditions, but 
which, being constant, is irrelovant for the subsequent 
analysis* The formula reveals the following: The mere 
increase in propeller r.p.m. with a given arrangement is 
followed by increased blade-tip speed and air- stream ve- 
locity and consequently, by greater mean velocity varia- 
tion in the inhocogeneities of the air stream. Accord- 
ing to our formula, this interprets as an increase in 
sound energy with the fourth power of the blade speed. 
Tho conditions are somewhat different when the same drawn- 
in air stream with given inhomogeneity w is one time at- 
tacked by a high-spoed-low-pitch propeller, and another 
timo by a low- speed-high-pitch propeller. In this case 
the sound energy obviously rises as tho second power of 
the blade speed when disregarding the effect of the form 
factor. 

However, this relationship is valid only when speed 
v is small compared to sonic velocity c. "hen approx- 
imated to the sonic velocity the compressibility effect 
produces yet higher pressures than the foregoing formula 
stipulates; the noise then becomes utterly insufferable. 
Besides, there are reasons of strength and efficiency 
which lead to blade speeds well below the velocity of ~ 
sound. 

With separated flow, that is, attitudes as illustrat- 
ed in the left-hand part of the curves in figure 11, a 
change of angle of attack involves only minor pressure 
changes. Here the blade noise is usually silenced by a 
peculiar roar which can fce explained by periodical break- 
away and adherence of the blade stream. 
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Y. PROPELLER DRIVE AKD COilTROL 



. • • - 

Most wind tunnels are driven by oloctric motors* and 
almost exclusively by d.c. motors and TTard-Leonard type 
of control, which permits speed control in the ratio of 
1:1.0, or higher. Figure 12 illvstratos such", a hook-up. 
A driving motor A, usually of the three-phase induction 
typo, actuates a d.c. generator whoso field is adjustable 
within wide limits (for varying the generator voltago) . 
Thu gensrator arnaturo is .short circuited with the araa- 
turo of the constantly excited "blower - d.c. motor set li - 
so that the speed of the motor is approximately propor- 
tionate to the adjusted voltage. The exciting currents 
are supplied by a 3mall exciter, 2. 

The general method of regulation (see fig. 12a) is 
as follows: A regulating resistance Ex gives the rough 
generator control, the influence of tho magnetic field 
.circuit of motor 1! with a resistance R 2 , effecting a fine 
control of the r.p.u. of propeller V. The rough control 
is generally by hand, the fine control with automatic re- 
lay, either the propeller r.p.m. or the dynamic pressure 
of the air stream being kept constant. The former is ob- 
tained, for instance, by actuating an adjustable relay 
from a small tachometer generator T on the propeller 
shaft, which short-circuits and releases resistance R 2 
in rapid sequence (so-called Tirril regulator). This ar- 
rangement is in use in various wind t\\nnels in the United 
States. 

In the Gottingen wind tunnels the control is, as al- 
ready stated, effected with dynamic-pressure balances. 
In contradistinction to the above hook-up, the fine con- 
trol - in' the large Gottingen tunnel is not with resistance 
H = in the field circuit of motor H, but with a booster 
resistance ?-i in series with resistance R 3 and a re- 
sistance R* hooked up in parallel. (See fig. 12b.) 
TTith small resistance Ri Rs is principally effective; 
with large R lf however, R+ is effective. (A detailed 
description of this type of control can be found in P.eport 



"Occasionally one finds direct-driven internal combustion 
engines, as in the Zeppelin wind tunnel at Friedrich3haf en 
(airship engir.es) and in the six-meter wind tunnel at 
Langley* Field, Va. (U-boat Diesel engines). 
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I of Srgebnisse der " Aerodynamischen Versuchsanstalt zu 
..&o*yJ a fi?a«..PP«_25-27. ) Suffice it to say that the con- 
trol is entirely automatic, i.e., including the rough 
control. • • 

If d.c. power supply is available the r.p.m. can 
also "be regulated by a hook-up ae shown in figure 13, which 
employs a potentiometer for low r.p.n. With switch- S 
open, Ri is the series resistance; ?hen closed, the po- 
tentiometer. R r is the scries resistance before the 
magnetic field. Accessibility to 3-wire lines affords 
still other possibilities. (Compare the hook-up of the 
small Gottingen wind )t tunnel, described in Report II, of 
Srgb. Aero. Vers., Gottingen, p. 2.) 

As to the choice between controlling the propeller 
r.p.m, or the dynamic pressure, it-may be remarked that 
for short, isolated experiments, wherein approximately 
constant barometric pressure and constant air pressure 
may be anticipated, both methods are equally good. In 
extended test programs a change in air density, due pri- 
marily to the heating of the air, is to be expected. Then, 
toe, the dynamic pressure changes with constant propeller 
.r.p.m., because of the modified rosistence of the test 
object; for instance, duo to changed angle of attack. 
However, there are times when it is of interest to main- 
tain the same dynamic pressure, namely, when air resist- 
ance factors are to be determined,, for which it is nec- 
essary to divide the recorded forces by the corresponding 
dynamic pressure. Hereby it is more expedient to divide 
all data of one test series by the same dynanic pressure 
rather than by an even only moderately changing dynamic 
pressure as occurs with constant r.p.m. This is the rea- 
son why the dynamic pressure regulation is given the pref- 
erence at Gottingen. At times the r.p.m. regulation has 
the advantage insofar as commercially available equipment 
can be resorted to. Of course, constant dynamic pressure 
can also be insured with this regulation when the r.p.m. 
is readjusted at shorter intervals according to the read- 
ings of a dynamic pressure indicator. 



VI. EXISTEXT T7i:;D TU1TIT3LS 



Hereinafter follows a somewhat mere detailed descrip- 
tion of some of the better known wind . tunnels . iio attempt 
is made toward completeness or historical aspect other 
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-than- -to show- the -progress which has oaen made to the present. 

Regarding the forerunners of the wind tunnels in an- 
cient times, we refer to Flachsbart 1 s "History of Ex- 
perimental Hydro- and Aerodynamics. n 

1. The. find tunnel of the liotorluf tschif f-.. 
Studiengesellschaf t (Society for the Study 
of Engine-Driven Airships) > Gottingen, 
built 1907-1908. - 

Then this tunnel was designed, it was a matter of 
choice 'between an open type - the air being drawn from the 
atmosphere and returned to it. - and a circular closed type. 
But small- scale experiments manifested that, unless the 
wind tunnel could bo housed within a large hall* the closed 
type was really preferable, because the- interference by 
the outside wind was too severe even on comparatively calm 
days. The choice fell to the decign shown in flgure.14. 
To minimize the flow losses, as well as to g-:ard against 
interference .of the steady velocity distrlhv'. ion, we fit- 
ted deflecting vanes at the four corners as shown, slight- 
ly exaggerated, in figure 15. The underlying idea waa to 
slice the air stream into so many bands, each band being 
returned separately in a narrow channol and afterward 
uniting again* '* 

On the other hand, 3uch vanes can induce eddies which 
are bound up with the fluctuation of the circulation about 
the blades, if there are accelerations and decelerations 
in the flow, such as. occur in pulsating air streams. To 
insure the necessary steadiness for the working chamber, 
we first mounted a system of guides behind the 4-blade 
propeller V with large hub so as to divide the downflow 
over the whole section. Ilext came a coarse honeycomb Gi 
with 10 by 10 cm section channel and metal flaps as in 
figure 5, at the upsteam end. After the passage through 
two deflectors, the second of finer mesh than the first, 
came the fine honeycomb &s of straight and corrugated 
metal strips spaced aoout 7 mm apart, ahead of which ve 
later fitted a screen S. After prolonged, rather diffi- 

•Practically every civilised country has one or more wind 
tunnels, sone in research laboratories, others in technical 
universities, etc. A list published recently, cites 1" 
wind tuniiels in the United States alone, which by now nay 
have been increased. 
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cult attempts in all direct ions , we obtained a fairly sat- 
is fa et4jry_nn.if ormiiy (about l£ percent velocity fluctua- 
tion), but the dust and the oxidation of the screen, to- 
gether with certain other causes,- made the obtained uni- 
formity very short-lived, and necessitated repeated re- 
adjustment'. The velocity distribution was recorded with 
a static pressure gage,, which could be moved horizontally 
and vertically across the whole channel section ar.d which 
was connected to a recording cylinder. (This applies to 
both regulating work and model testing, as basis for the 
air s-eed used in computing the air resistance coeffi- 
cients.) The space between propeller and fine honeycomb 
being made as tight as possible, while the experimental 
chamber was intentionally made untight,* the pressure in 
the channel was the same as in the observation room. 

Owing to the high resistance of the narrow honeycomb 
and the -screen combined with the vitiating propeller de- 
sign, the speed with a 34 hp. motor barely reached 10 m/s. 
But aside from these shortcomings, the plant operated sat- 
isfactorily and remained up to 1917, the only public lab- 
oratory in Germany. A detailed description may be found 
in Z. V.D.I,, vol. 53, 1909, p. 1711, as well as in differ- 
ent Yearbooks (1907-8 to 1912-13) of the Motorluf tschif f- 
Studiengesollschaf t . 

2. Eiffel Tunnels at Champ de liars, near Far 1b 

and at Auteuil, built in 1909 and 1911, respec- 
tively. 

These wind tunnels operate, as already mentioned, 
with an open jet accessible from the oxperiment chamber. 
The latter is under negative pressure during operation. 
The air stream is circulated as a propeller draws air from 
the suction chamber, thus allowing an identical amount to 
enter therein via a funnel- shaped cone, and to pass through 
in the form of an opon jet. In the first provisory plant 
at Champ de ilars (fig. 16) a centrifugal fan was used; in 
the final design at Auteuil (reference 11), a helical fan. 
(See fig. 17.) At the left is the entrance cone with two 
honeycombs G x and G- 3 , at the right an enlarged passage 
with propeller v and deflectors at the end. The section- 
al enlargement serves to minimise the exit energy of the 
air which y.ust be considered lost. The result is that the 



*Frovided with an open slot across the entire length of the 
test chamber, for insertiug the Pitot bar. 
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propeller ._oixtpnt . is__only_« "bout one third of the theoreti- 
cal air output (p -g*— with P = jet seotipn, w = jet 

velocity). The diameter of the experimental air stream 
at Champ de Mars was at first - 1.50 m (4.92 ft.), subse- 
quently - 2.0 m (5.56 ft.), the speed = 20 m/s (65.6 ft./ 
3ec), respectively 12 m/s (39.4 ft./sec), with 68 hp. 
motor. The jet in the Auteuil tunnel was = 2.0 m, the mo- 
tor -of 60 hp., and the speed, 32 m/s (104.9 ft./sec). 
Incidentally, the Auteuil laboratory housed, besides the 
main tunnel, al30 .a copy of the modified Champ de Mars . 
tunnel, out whether it was ever actually used, the writer 
does not know. 

Inasmuch' as the air entering the hall from the exper- 
iment chamber is left to itself and the irregular shape 
of the hall containing divers installations undoubtedly 
produces considerable turbulence, the air is apt to ar- 
rive before the entrance cone with a fairly unsteady ve- 
locity distribution both as to time and space. The honey- 
comb appears to have been fitted later on to effect some- 
what better stream conditions. The stay in the suction 
chamber is somewhat uncomfortable, especially at high air 
speeds, although the system seems to have proved satis- 
factory in Paris, as well as at other places where 1 this • 
type has been used. 

A larger, modern version of the Eiffel typo is found 
at Zssy les Moullneaux (fig. 18), built in 1923, with an 
entrance- cone diameter of 3.0 m (9.8 ft.), and a maximum 
speed of approximately 80 m/s (262.5 ft./sec.) with 1,000 
hp. power plant. E. Roths' gives a description in his 
" Cours de physique, part III - Aerologie et Adrodynamiqu'e , 
(Paris, 1928), p. 258. 

3. The- H.P.L. Type and Belated Designs 

A special system of closed- jet type wind tunnel has 
been developed by the national Physical Laboratory- at 
Teddington, England. The first design, built in 1912 (ref 
erence 12) , was 4 feet square in section. Air was drawn 
into the cone-shaped mouth from a large room, and passed 
through a honeycomb into the experiment chamber. After a 
small enlargement follots a conventional propeller and be- 
hind that, to mitigate the exit of the air, a long trunk 
or cage of fairly closely spaced wooden strips, between 
which the air re— enters the room. This insures negative 
pressure in the experiment chamber relative to the obser- 
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vat ion ciambejy_.for_trJii.ch ^reason, this wind_ tunnel must 
be kept Very "YigEt .""** ~ ' " ' 

Hnmerous,. wind tunnel* in England and the United States 
have been "built after this pattern/ some with 4 foot square 
in section," some with .7 foot square in section. One par- : - ; 
tlcularly large tunnel at Tedding tan, wa'j: 7 by 14 foot t 
section, with two propellers' mounted side, by side (fig..' 
19). (S.ee reference 13..) With its two 20.6 hp. motors, 
its top.' speed was* 30 m/a. (9.8.4 ft. /-sec). 

One particular feature of this design is the cellular 
wall (of brick masonry), which divides the building in two 
rooms. The air upon passing this honeycomb wall, is fur- 
ther damped down and .thus reaches .the suction cone in 
much, steadier attitude. There is also : a honeycomb ahead 
of the propellers which should enhance the time uniform- 
ity* 

A new version of the 7-foot tunnel is illustrated in 
figure 20 (reference 14). The exit cone is larger and 
the trunk has been removed, evidently, since the honeycomb 
wall Insures sufficient quiescence.. The wind tunnels are 
built of wood and iron and presumably represent the cheap- 
est construction of this kind. 

Similar tunnels to figure 20 have been built else- 
where to a considerable extent, some of. round section. 
Of course, the square section has the advantage of allow- 
ing greater freedom of movement of the personnel when the 
floor is level and the walls vertical. On the other hand, 
the round section offers* less frictional surface. . Repre^ 
sentative of this type are the wind tunnels' at the Saint' 
Cyr Aerotechnical Institute (reference 15), at Rome, (ref- 
erence 16) and various American universities. 

4. The Aerodynamic Institute of the Technical Uni- 
versity, Vienna 

This wind tunnel (reference 17) is also of the open- 
jet type but employs pusher propellers and a dome-iike 
system of deflecting vanes instead of entrance cone and 
honeycomb (fig. 22), thus converting the radial inflow 
into a unidirectional stream. In contradistinction to all 
others the air stream is vertically downward (fig. 21). 
The open j et ,. indicated by arrows, is in the cellar and 
under atmospheric pressure. The air passes, through the 
diffuser and' the exit-cone flare in the cellar, whence 
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f otEr •helicaT7f'a'n3~af""lhe four "corner's Tilth connected dif- 
fusers carry it; to - the attic, which. \s under negative 
pressure;, find front there, after the flow has "become, some- 
what quiescent, through the largo oponiag to the roof- 
shaped system of guide vanes. The octagonal entrance- cene 
section is about 2.5 m 2 {26.9 sq;ft.), its over-all length = 
2.0 m (6.55 ft.), and its maximum width = 1.4 m (4.59 ft,). 
The maximum speed is 22 m/s (72.18 ft. /sec), with a power 
plant of 4 ly 7,5 hp. 

5. The Second G-ottingen Wind Tunnel, Erected 1916-17 

The first tunnel was, to begin with, only a tempo- 
rary makeshift, and the design of a new, larger wind tun- 
nel was soon under way. This project underwent many mod- 
ifications as time went on, although the principle was 
retained. The circular, closed arrangement of the first 
tunnel was very satisfactory and without a doubt, supe- 
rior to the method of drawing air from a. room and return- 
ing it to it, on account of the enhanced uniformity of 
f low\ On the other hand, to avoid the great resistances 
manifested in the first tunnel, the return flow, the de- 
flection around the corners and the spatial comparability 
through honeycomb, etc., had to be effected with lower 
speed; that fs, larger section which, of course, involved 
higher construction costs; "The transition from this larg- 
er section to the working section next to the experiment 
chamber led, moreover , : "to the advantages cited in section 
II, as far as local uniformity was concerned. Prelimi- 
nary experiments had proved the superiority of the open- 
over the closed jet (reference 18). Since the air. was to 
flaw in a closed passage while passing from propeller to 
entrance cone, no negative pressure chamber of Eiffel's 
type was necessary; on the contrary, the open jet could 
be allowed to pass into the open hall as in the installa- 
tion at Vienna. The return flow, then, was, of course, 
under negative pressure. The circulation was first pro- 
jected on a horizontal plane (lateral return next to the 
experiment chamber). But at the suggestion of my then 
coworker, H. Thoma, wo decided to dispose the circulation 
in a vertical plane go a3 to bring the return vertically 
beneath the working chamber. The necessary height of the 
whole structure was taken care of by building the parts 
under positive pressure of reinforced concrete. The re- 
turn passage was about 2 meters below the ground. The 
vertical arrangement made the working portion very access- 
ible from all sides. The test equipment i^ mounted on 
rails with turntable (fig. 23). *The jet section i's 4 m 2 
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(i3.05 sq.ft.) (dlaoB-tBT^-orf r inscribed--circle of the 16- 
cornered "bell mouth is 2,24 m {7.35 ft.)). The section 
in the closed tunnel increases consistently in the flow 
direction up to the entrance cone, roaches 7 m a (75.35 
3q.ft.) at the propeller and 20.25 m 2 (217.97 sq.ft.) 
4.5 by 4.5. m (14.76 "by. 14.76 ft. square) in the maximum 
section at the honeycomb. It is very important that the 
open jet he exactly level. when effecting the measurements. 
With this in mind the entrance D was made rotatahle 
through a few degrees. The deflecting vanes are of air- 
foil design with round leading, and sharp trailing- edge. 
They were made of reinforced concrete (the same way as 
cement pipes are made). The honeycomb consisted of smooth 
and corrugated uetal strip as shown in figure 2c. The 
speed is 58 m/ s (190.29 ft. /sec.) with 300 hp. A descrip- 
tion of the wind tunnel is given in Report I of Ergo. Aero. 
Vers. , p. 8f . 

• The doscribod design has been variously copied, at 
tines with horiaontal, at others with vertical, return 
passage. One of the first of these, that of the Zeppelin 
~orks at ?riedrichshaf en, of 2,90 m (9.51 ft.) entrance- 
cone diameter (":'.. Munis, designer) (reference 19), is of 
the double-return flow type (return passage on either side 
of the test chamber). The same arrangement is found in 
the' large wind tunnel of the National Advisory Committee 
for Aeronautics at Langley Field (fig. 24), which also 
was designed by H. Hunk. Other wind tunnels, which were 
closely patterned after the so-called Gottingen type are 
found in Japan, as described in Heport No. 15, of the 
Aeronautical Research Institute (Tokio, 1926), and in the 
California Institute of Technology, at Pasadena (refer- 
er.co 20). 

6. Various Hecent Designs 

The trend of modern wind-tunnol practice is in two 
directions, namely, large size and change from air under 
normal conditions to air at high pressure. The first 
makes it possible to make aerodynamic tests with labora- 
tory accuracy on full-scale fuselages, engine cowlings, 
tail surfaces, and other airplane parts; and on model 
wings of large size, which is of the utmost importance for 
the study of engines and propellers under actual working 
conditions, as well as for the the measurement of lift and 
drag. The second (reference 21) makes it possible to ob- 
tain with small models the Reynolds Number of large-scale 
objects, since in compressed air. the density rises but not 
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the viscosity and consequently,: the kinematic -viscosity . 
vaxi or inversely proportional to the- density* - The product 
of relocity times length may be considered as equivalent 
to 1/2O of the same product for full scale when working, 
with air of 20 atmospheres*- 



Representative of the first are: 

a) The 20-foot propeller research wind tunnel of the 
Hational Advisory Committee for Aeronautics, at Langley 
Field (fig. 24). The air-stream diameter is 6.10 m (20.0 
ft.) Its power is 2,000 hp., and the maximum speed is ap- 
proximately 50 m/s (164 ft. /sec). It is driven by two 
Diesel engines. In the meantime, another . tunnel. of still 
larger sise has been built J at Langley Field, in which a 
full-scale airplane nay he tested. . The. oval section- is 30 
hy 60 ft. (9.15 hy 18.3 m) . An alleged speed of 51- m/s 
(167*32 ft./sec.) is reached with an 8,000 hp. power plant. 

h) Figure 25, the wind tunnel of the Moscow Aero-Hydro- 
dynamical Institute i3 a peculiar comhlnation of a 3 m 
(9.84 ft.) and a 6 m (19.68 ft.) tunnel (reference 22). The 
circulation is closed. The movable section (shaded portion) 
can he swung aside. In the shaded position the tunnel is 
closed and ready for operation with the 3 m diameter. The 
shift of thb section into the position indicated by dashes 
permits' the air to pass in" the 6 m section direct for ex- 
perimentation, tfith the 3 m section a speed of 104 m/s 
(341*21 ft./sec.) has hoen reached with 820 hp* minus honey- 
comb,- and 78 m/s (255.90 ft./sec.) with honeycomb, and 30 m/s 
(98*42 ft./sec.) in the 6 m section. As may he. expected, 
the velocity distribution in the 6 m (19.68 ft.) section is 
not very good. 

c) The only variable density wind tunnel in operation 
is that of the H.A.C.A. at Langley Field.* The wind tun- 
nel proper is housed within a 54 mm (2-l/8 in.) steel, tank 
4*57 m (15 ft.) in diameter, and 10*52 m (34.5 ft.) long. 
It was originally built according to the - closed— jet type, 
but recently redesigned for open Jet (fig. 25)*** The max- 



*A second tunnel of this kind is being built in England; air- 
stream diameter 1.80 m (5.90 ft.), inside diameter 5.20 m 
(17.06 ft.), length 15.50 a (50.85 ft.), wall thickness 63.5 
mu (2.50 in.), maximum pressure 25 atm. , anticipated speed, 
25 m/s (82.02 ft./sec), according to Engineering, 1930, p. 
80S. 

•♦Figure 2 3 shows the tunnel with open jet. The data for 
this photograph was obtained through the kindness of Dr. 0. 
I* Lewis, Director of Aeronautical Research of the H.A.C.A. 
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icmm pressure is 20 atmospheres, the tan!: is filled by 300 
hp. air compressors. The driving notor is of 250 horse- 
power, the air stream has a dianeter of 1.52 m (5 ft.), 
and the maximum speed at 20 atmospheres, is 24 m/ s (78.74 
ft. /sec). All experimental equipment must be automatic, 
tliat is, bcr with remote contTOXT — -But in--spit-e- of this 
complicity, the tunnel has produced some very valuable re- 
sults. A description may be found in N.A.C.A. Technical 
Report Ho. 227 (reference 23). 

d) In view of the requirements incidental to propel- 
ler experiments, the inverse principle of the variable 
density wind tunnel was employed in a more recent Got fin- 
gen tunnel which, on the whole, is similar to the large 
Gottingen tunnel, but in which the open oxperinent sec- 
tion can be hermetically sealed by means of a detachable 
cylindrical section. The remaining parts of. the tunnel 
being of sufficient strength as well as air tight, the 
tunnel can be evacuated to about l/4 atmosphere, so that 
an air stream of lower density can be produced. With 
propellers the blade tips quite often worl: at or near the 
velocity of sound, in which case the compressibility of 
the air becomes very significant. In order to be able 
to follow the then occurring phenomena on a model, it is 
necessary to apply the same relative velocities as in a 
full-scale test. 3ut that involves a fairly high output 
for the blower as well as for driving the propeller model, 
wherein the propeller drive in particular, presents exper- 
imental difficulties. These objectionable features can 
be eliminated by lowering the pressure to l/4 atmosphere, 
so that the performances also drop l/4. The wind tunnel 
can be used with a variety of entrance cones. At air un- 
der normal conditions, a 225 hp. output gives a speed of 
around 57 m/ s (187 ft. /sec) for a 1,5 m (4.92 ft.) en- 
trance-cone diameter, and 77 m/s (252.62 ft. /sec.) for a 
1 m (3.28 ft.) air-stream diameter, at l/4 atmosphere pres- 
sure, a speed of approximately 120 m/s (393.70 ft. /sec.) 
can be obtained rith the 1 m entrance cone. These data 
are provisory because the tunnel has only been put into 
operation quite recently and its definite structural form 
has not been decided. 
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VII. SUHYST OH TEX ItfER&Y COHSUlfPTIOIT OF USD TUHH1IS 



The useful performance of a wind tunnel consists in 
bringing a stated air ma33 Jto^the velocity w__ required 
at the experiment chamber. The mass" per "second is p F w, 
the performance per unit aass is = v /2, hence the per- 

formcnco (work per second) is p £ ,3 . How the question 

is, that other perfornanco is to be produced by the pro- 
peller? 

In wind tunnels with closed circulation, only the 
losses need to b& covered, and in those with air stream 
returning in a hall, the speed before the exit through a 
cliff user (gradual enlargenent of the passage) is likewise 
moderated, 30 that, as a rule, the required driving power 
is loss than the effective power of the air in the work- 
ing section. Tho best conditions for the "efficiency" 
(effoctivu po^er in tho experiment chamber - absorbed 
power) are obtained with wind tunnols which, by neano of 
suitably flared entrance cone, draw the air from a hall 
and return it to the same room after proper enlargement 
aft of tho experiment chamber. Inclusive of that of tho 
fan, efficiencies as high as 3 are normally obtained. ven- 
der particularly favorablo circumstances an efficiency of 
8 or more is, moreover, possible.) Figuring with the 
"air power" nlone, an efficiency of around 4 (up to 10) 
is obtained with an C.75 fan efficiency. This holds true 
for wind tunnels of the closed-jet typej provided the 
parallel piece is not too long, the diffuser is very sat- 
isfactory, and the energy consumption of the honeycomb 
is low. „Tho open-jet typo, whether of the so-called Eif- 
fel or Gottingen type, produces additional losses as a 
result of the coalescence of the open jet rith the sur- 
rounding air, which become so much greater as the open 
air stream is longer with respect to its diameter.* The 



•According to unpublished Gottingen measurements on a mod- 
el wind tunnel of the Gottingen type, there is an approx- 
imately linear drop of energy in the open jet. Aft of 
the entrance-cone flare, at a distance equivalent to the 
flntrance-cone diameter, an energy drop. of 6 percent was 
recorded. Added to this nre yet other losses in the dif- 
fuser whose functioning is so much more imperfect as the 
velocity in its entrance section is unevenly distributed. 
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loss In the honeycombs and. in the deflecting va.ea of the 
Go'ttingen ays ten are relatively low -when care is taken to 
ins-are a low speed at these points. The pressure losses 
are froa 0.30 to 0.50 of the local dynaaic pressure, pro- 
vided the honeycombs are not too narrow, and of froa 0.15 
to 0.20 of the dynaaic. pros euro fo_r_J;hSL. VAnas. when, the 
air atrean to do deflected is very homogeneous. TTith.se- 
vere inhomogeneities the vane losses can become very auch 
greater, as a result of secondary flows. The losses which 
occur directly before and "behind the fan due to abrupt 
sectional changes can he minimized by fairing the propel- 
ler hub.* The efficiency of open-Jet wind tunnels ranges 
in general, between 1.5 and 2.2, and as high as 3.5 in 
especially propitious cases. 

According to the foregoing, it appears teapting to 
build wind tunnels for high power with possiblo high effi- 
ciency. 3ut this higher offlqioncy has also considerable 
drawbacks. As soon o.s a nominal part of tho power is ab- 
sorbed. in the form of resistance energy by a aodel in the 
wind stream, the -velocity of the air stream drops, and 
indeed, so much moro as tho losses of tho bare wind tun- 
nel aro siuallor; that is, as tho officioncy is highor. 
Contrariwise, wind tunnels with lower efficiency are less 
senaitivo against additional rosistances. This occurs in 
tho following manner: The efficiency of the diffusor is, 
especially if it is near to tho limit of the permitted 
angle of en'.argeaent , different in the accelerating and 
in the decelerating period when the velocity fluctuates, 
that is, the efficiency is better in the acceleration and 
poorer in the deceleration.** This obviously may cause 
the deceleration to become greater with decelerations be- 
cause of increased resistance, vh areas conversely, the 



*The use of the propeller,, fairing (shown in dotted lines 
in fig. 23) in the large Gottingen tunnel resulted in a 
32 percent higher efficiency. The data for the Gottingen 
tunnel in this roport pertain to the attitude with faired 
hub. 

••The reason is that during the accolerating phase, the re- 
sultant decoloration In the dizfuser is reduced, but in- 
creased during the decelerating phase, as a result of which 
the diffuser with respect to separation of flow, acts one 
time as a narrower, the other time as a much steoper dif- 
fuser. 
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acceleration nay rise during acceleration aa a result of 
the. lowered resistances, or in other words, fluctuations 
from uinor causes nay bo abnormally increased when the 
characteristic case provails, and this is then followed 
by very poor timo uniformity, which may develop consid- 
erable oscillations.. To avoid such.JLni.erjC e.reuces., . £h_e 
enlargements aft of tao experiment chamber in the Gottin- 
t.on wind tunnels were intentionally fitted with a step 
rathor than with gradual enlargement, with no regard 
for efficiency, and ia fact, the time uniformity ie rel- 
atively very good with these wind tunnels. 

Translation by J . Vanier, 
National Advisory Coamittee 
for Aeronautics. 
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Tliore 2.- Various types of honeycombs. 
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rigor* 7.- ttxtrance eon* of 
Odttlngen propel- 
ler research wind txmnel. 



Tigure 10.- Propeller- type fan with t» 

wide "blades for high 
loading ( design: Beti) 




Tigers 8«- now in the exit- 
cone flare of a 
wind tunnel. 




(mx .03937- in.) 
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Tigure 11.- Tan characteristics 

Tor fan according to 

Tig. 9 with a- 16° 
(at olade tips) 

Tor fan according to 

Tig. 10 with a- 34° 



figure 12.- 

fard - 
Leonard 

Tigare 9.- Propeller-type system 

fan with 4 

email 'bl ades for low 

^ ' (design: Bets) 

©UPDATA 1975 || 




IO.CU. technical Vemonndan Bo. 726 



13,14,15,16,17,18 







figure 13.- Book 19 for refalat- 
ing propeller r.p.m. 
for D.C. power ropply 
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figure 15.- Deflecting tines 



Tigure 14.- Xirst 06ttlngen wind 
tunnel . 





Tigure 16.. Xiffel wind tunnel. 
Cheap da Mara 



(ax 3.28083- ft.) 



Tigure 17.. Xiffel wind 
tunnel, at 

Jateuil. 
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Wgare 18.- Wind 
tunnel 

at Isey lee 
Houllnc 
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Figure 19.- The 7x14 foot wind tunnel of the National Physical 
Lahoxatory (H.P.L.) at Teddington 
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Figure 20.- Sew 7x7 foot 



tunnel 



H.P.L. wind 



(mx 3.28083" ft.) 
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Figure 22.- Roof shaped 

system of 
deflecting vanes in wind 
tunnel, Fig. 21, replac- 
ing entrance cone and 
honeycomb 



Figure 23.- Large 

Gdttingen 

wind tunnel 
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Tlgare 24.- The 20 foot H.A. C. A. wind tunnel at 
Langley Field, U.S.A. 




figure 25.- Combined 3 m and 6 m wind tunnel at 
Moscow. 
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Tlgare 26.- Variable density wind tunnel, H.A.C.A. 
-■«"■—■ *- at Langley field, U.S.A. 
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